Abstract: Owing to changes in lifestyle, nonalcoholic fatty liver disease (NAFLD) is becoming a common form of chronic liver injury. NAFLD comprises a wide variety of disease stages, from simple steatosis to nonalcoholic steatohepatitis, which is a risk factor for the development of hepatocellular carcinoma (HCC). Because animal models for NAFLD are needed to investigate the precise pathogenesis, we aimed to establish a new mouse model employing mice deficient for apoptosis inhibitor of macrophage (AIM −/− ), which exhibit accelerated lipid storage in the liver and high susceptibility to developing HCC in response to a high-fat diet (HFD). AIM −/− mice were fed the D09100301 diet, which contains 40 kcal% fat (trans fat 30 kcal%), high cholesterol (2%), and 40 kcal% carbohydrates (20 kcal% fructose), and then features of obesity and NAFLD including steatosis, inflammation, fibrosis, and HCC development were analyzed. Although a comparable grade of liver steatosis was promoted in AIM −/− mice by the D09100301 diet and the standard HFD (60 kcal% largely lard fat), significantly less lipid storage in visceral fat was observed when the mice were fed the D09100301 diet. Accelerated liver inflammation was promoted by the D09100301 diet compared with the HFD, but interestingly, HCC development was decreased in mice fed the D09100301 diet. Our findings suggest that AIM −/− mice fed the D09100301 diet exhibited a phenotype that resembled nonobese NAFLD patients and thus could be an appropriate tool to study the pathophysiology by which obesity increases the risk of HCC.
Introduction
Chronic liver injury has high mortality, and its most common cause has been hepatitis virus C infection, which leads to low-grade, chronic liver inflammation, followed by liver fibrosis progressing to cirrhosis. Alcohol, toxins, autoimmunity, and genetic disorders such as hemochromatosis also, but not frequently, contribute to the initiation of chronic liver injury [8, 15, 19] . In recent decades, obesity-associated nonalcoholic fatty liver disease (NaFLd), which comprises a wide spectrum ranging from "benign" simple steatosis to progressive inflammation and fibrosis called nonalcoholic steatohepatitis (Nash), has been observed as a state of chronic liver injury in a rapidly growing number of patients due to rapid and drastic changes in lifestyle and eating habits in modern society [1, 36, 40] . Indeed, NAFLD currently affects more than 25% of the general population in many countries [4, 24, 45] . Of these, up to 15-20% of Nash patients progress to cirrhosis over 10 to 20 years [6, 27, 39] . In patients with either hepatitis virus infection or Nash, liver cirrhosis is a prominent risk factor for the development of hepatocellular carcinoma (HCC) [5, 7, 16, 33] . Intriguingly, however, it has recently become apparent that hCC also often occurs without severe fibrosis/cirrhosis in Nash patients, which is one of the unique and complicated pathologic characteristics of NAFLD [14, 20, 41, 42] . Excellent animal models for NaFLd are certainly desired to determine the precise pathogenic mechanisms by which steatosis progresses to Nash and hCC and to establish efficient therapies for this chronic liver disease. So far, several useful models for NaFLd, either diet-induced or generated by genetic modifications, have been reported [17, 43, 44] . Of these, we previously showed that mice deficient in apoptosis inhibitor of macrophage (aim, encoded by the Cd5l gene) (AIM −/− mice) exhibit many characteristics of NaFLd when fed a high-fat diet (HFD) [26] .
AIM is a circulating protein initially identified as a supporter of macrophage survival [29] . Interestingly, aim is associated with the igm pentamer in blood, which protects aim from renal excretion and thus maintains circulating aim at a relatively high concentration (approximately 5 µg/ml in mice and humans) [3, 22, 30, 47] . An interesting molecular characteristic of AIM is that in the obese state, aim is incorporated via Cd36-mediated endocytosis into adipocytes and hepatocytes where it inactivates cytoplasmic fatty acid synthase (FASN) through direct binding [23, 26] . This response reduces the production of lipid-droplet-coating proteins such as fat-specific protein 27 and perilipin, thereby decreasing triacylglycerol (tG) deposition within adipocytes or hepatocytes [18, 23] . Accordingly, in AIM −/− mice fed a standard HFD (HFD32; fat 60 kcal%, most of which is from lard), adipocyte hypertrophy is more advanced, and the volume of visceral adipose tissue is greater than in wild-type mice fed HFD32. Parallel results are observed in the liver, where the state of hFd32-induced liver steatosis is markedly accelerated in AIM −/− mice compared with wild-type mice [26] .
an additional important aim function highlighted in the liver is induction of hCC cell elimination via complement activation [26, 28] . Once hepatocytes have undergone malignant transformation to hCC cells, aim no longer undergoes endocytosis. This phenotypic change of aim is possibly due to defective endocytosis, which is a common feature of many different types of cancer cells. As a result, AIM accumulates on the surface of HCC cells after AIM-CD36 binding, with insufficient cellular incorporation of AIM. Interestingly, cell surface aim interacts with various regulators of complement activation and suppresses their function, resulting in specific activation of a complement cascade against the cancer cells. This leads to necrosis of AIM-associated hCC cells, thereby preventing overall liver tumor development [26, 28] . Indeed, most AIM −/− mice bear multiple hCC tumors when fed hFd32 for a year; in contrast, wild-type mice do not develop HCC tumors. such hCC tumor susceptibility was also observed in AIM −/− mice fed a high-fructose diet [38] .
In view of these findings showing that the AIM −/− mouse is a useful tool to easily obtain a diet-induced NaFLd state with hCC, in this study, we fed AIM −/− mice with a specific HFD (D09100301) in which the greatest source of fat is trans fat. This diet contains 40 kcal% fat (trans fat 30 kcal%), high cholesterol (2%), and 40 kcal% carbohydrates (20 kcal% fructose). Here, we investigated whether AIM −/− mice exhibited different stages of NaFLd in response to the unique d09100301 diet.
Materials and Methods

Mice
AIM −/− mice [29] that had been backcrossed to C57BL/6J (B6) for 13 generations were used for the experiments. HFD32 was purchased from CLEA (Japan). d09100301 was purchased from research diets (New Brunswick, NJ, USA). The compositions of the diets are described in table 1. All mice were maintained under specific-pathogen-free conditions.
Quantitative real-time reverse transcriptase PCR the total rNa was isolated using trizol reagent (Thermo Fisher Scientific). cDNA was synthesized with SuperScript 3 Reverse Transcriptase (Thermo). Quantitative real-time PCR analysis was performed using PowerUp SYBR Green Master Mix (Thermo) on a QuantStudio 3 Real-time PCR system (Applied Biosystems). the level of Gapdh expression was used to normalize the data. The primer sequences used are presented in table 2.
Histological analyses
Liver samples were fixed in 10% Formaldehyde Neutral Buffer Solution for 24 h and embedded in paraffin. Hematoxylin and eosin (H&E) staining and Sirius Red staining were performed using 3 µm sections of paraffinembedded liver blocks. NAFLD Activity Score (NAS) was determined on H&E-stained sections as previously described [21] . For Sirius Red staining, liver sections were incubated with 0.1% direct red in saturated picric acid for 1 h at room temperature with protection from exposure to light.
Biochemical analysis serum biochemical variables (aspartate aminotransferase, ast; alanine aminotransferase, aLt; alkaline phosphatase, ALP; total bilirubin, T-Bil; triglyceride, tG; total cholesterol, t-Chol; low-density lipoprotein, LDL; high-density lipoprotein, HDL; nonesterified fatty acid, NEFA) were measured with a 7070 biochemical automatic analyzer (hitachi high-technologies Corporation, Tokyo, Japan). 
Liver TG and cholesterol content Liver tissues were homogenized in chloroform/methanol (2:1, v/v), and lipid extracts were prepared by the Folch method. Hepatic TG and cholesterol levels were measured using commercial kits (Wako, Japan) according to the manufacturer's instructions.
Statistical analysis
All results are presented as the mean ± SEM. Statistically significant differences between mean values were determined using a two-tailed mann-Whitney test (***P<0.005, **P<0.01, *P<0.05).
Results
Obesity in AIM −/− mice fed the D09100301 diet
AIM −/− mice were challenged with the d09100301 diet for 60 weeks, and body weight was recorded every week. As shown in Fig. 1a , in male AIM −/− mice, the increase in body weight was prominent during the first 20 weeks and nearly plateaued thereafter. In contrast, the gain in body weight was milder in female mice than in male mice but continued consistently until 50 weeks. after 60 weeks on this diet, both males and females exhibited a body weight that was largely comparable to that of wild-type mice of the same age fed a normal chow diet (NCD) (Fig. 1a) . In a different set of experiments, male AIM −/− mice were also fed with the hFd32 diet (60 kcal% mostly lard fat), and the gain in body weight was compared with the data in Fig. 1a . As demonstrated in Fig. 1b , from an early time point (10 weeks), the gain in body weight was significantly greater in mice fed the HFD32 diet than those fed the D09100301 diet. The compositions of both diets are presented comparatively in Table 1 .
The weights of different organs were also assessed after mice were fed the diets for 12, 24, and 60 weeks. interestingly, although visceral fat weight increased after 12 weeks of the D09100301 diet and was significantly larger than that in wild-type mice fed the NCd, it no longer increased significantly thereafter (Fig. 2a) . in female AIM −/− mice, visceral fat weight was comparable to that in wild-type mice fed the NCd throughout the period (Fig. 2a) . Visceral fat was significantly smaller in male AIM −/− mice fed the d09100301 diet compared with those fed the HFD32 diet after 12 weeks (Fig.  2b) . In contrast, liver weight was remarkably increased in both male and female AIM −/− mice fed the d09100301 diet (Fig. 2a) and was similar in male AIM −/− mice fed either the D09100301 diet or HFD32 diet (Fig. 2b) . Thus, it is likely that the d09100301 diet promoted lipid storage specifically in the liver rather than in visceral fat. In other organs, such as the kidney, heart, and lung, the weight gain induced by the d09100301 diet was not significant and was nearly comparable with that in wildtype mice fed the NCD (Fig. 2c) . However, splenic weight gain was more accelerated in AIM −/− mice fed the d09100301 diet than in wild-type mice fed the NCd (Fig. 2c) . This might reflect the chronic inflammatory state induced by obesity and/or liver steatosis in mice fed the D09100301 diet [2, 32] . Serum cholesterol levels (both low-density lipoprotein and high-density lipoprotein levels) and nonesterified fatty acid levels were significantly increased in both male and female AIM −/− mice fed the d09100301 diet, whereas serum tG levels were even lower in AIM −/− mice fed the d09100301 diet than in wild-type mice fed the NCD (Fig. 2d) . Liver steatosis promoted by the D09100301 diet in AIM −/− mice Having observed that the D09100301 diet affected the liver condition specifically, we then assessed the state of liver steatosis in AIM −/− mice fed the D09100301 diet. histologic analysis revealed marked liver steatosis after a 12-week diet in both male and female AIM −/− mice (Fig. 3a) . The steatosis score was 3.06 (>66% area) in males and 1.5 ± 0.2 in females at 12 weeks, which was largely equivalent to the scores at 24 and 60 weeks in males, and the score increased until 60 weeks, reaching 2.4 ± 0.2 in males (Fig. 3b) . Accordingly, intrahepatic TG levels were remarkably high (180-270 mg/g liver tissue) at all analyzed time points (12, 24, and 60 weeks) (Fig. 3c) . Intrahepatic cholesterol levels were also increased up to 23-40 mg/g liver tissue in both male and female mice (Fig. 3d) . Consistent with the prominent steatosis, serum levels of various biomarkers for liver injury increased significantly. As shown in Fig. 3e , the levels of aspartate aminotransferase, alanine aminotransferase, and alkaline phosphatase (ALP) were high starting at 12 weeks, particularly in male mice. The increase in total bilirubin levels was not as robust but was significant in both male and female mice after 60 weeks of the diet (Fig. 3e ).
Inflammatory and fibrotic states in the AIM −/− liver
Next, we analyzed the inflammatory state in the liver in AIM −/− mice fed the D09100301 diet. Liver histology showed inflammatory foci in male and female mice (Fig.  4a) , and their number increased along with the diet period as represented by the lobular inflammation score (Fig. 4b) . mRNA levels of inflammatory cytokines such as Tnfa, Il1b, and Ccl2 increased significantly in the liver after being fed the d09100301 diet for 12 weeks (Fig. 4c) . Importantly, the levels were markedly higher in AIM −/− mice fed the d09100301 diet than in those fed the HFD32 diet (Fig. 4c) . In addition, the mRNA level of Adgre1, encoding the pan-macrophage marker F4/80, also increased significantly in AIM −/− mice fed the D09100301 diet but did not increase significantly in those fed the hFd32 diet, suggesting that the d09100301 diet might recruit inflammatory macrophages into the liver to a greater degree than the HFD32 diet (Fig. 4d) .
Thus, it appears that liver inflammation followed by steatosis was induced more prominently by the D09100301 diet than the HFD32 diet. Despite the apparent steatosis and inflammation, typical ballooning changes in hepatocytes were not observed in AIM −/− mice fed the D09100301 diet. The overall NAFLD activity score [9] reflecting steatosis, inflammation, and ballooning was 3.5 to 4.0 at every analyzed time point in both male and female mice (Fig. 4e ).
In parallel with the finding of the inflammatory state, liver fibrosis also progressed in the AIM −/− liver when assessed by histology (Fig. 5) . The fibrosis was apparently severer in mice fed the d09100301 diet than those fed the HFD32 diet at 12 and 52/60 weeks (Fig. 5) , indicating that steatosis-associated inflammation and fibrosis were more prominently promoted in the AIM −/− liver by the D09100301 diet than by the HFD32 diet.
HCC development in AIM −/− mice fed the D09100301 diet
as we previously reported, all AIM −/− mice fed the hFd32 diet for 1 year (52 weeks) exhibited hCC tumor development macroscopically [26] . Similarly, the mice fed a high-fructose diet also revealed a high incidence of HCC tumor development (approximately 70%) [38] .
in contrast, however, none of the AIM −/− mice fed the d09100301 diet for 60 weeks harbored macroscopically detectable tumors. On histology, 1 mouse out of 7 had HCC (Fig. 6a) , and the other 6 mice had some precancerous regions in the liver, including regions containing a small atypical cell lesion with an unclear border between surrounding normal hepatocytes (Fig. 6b) , liver hyperplasia comprising a small nodular region containing non-cancerous hepatocytes with clear borders between surrounding hepatocytes (Fig. 6c) , and adenomatous regions exhibiting large nodules that lacked Glisson's capsule, with sharp borders between surrounding hepatocytes (Fig. 6d) . Thus, the D09100301 diet likely induces a milder cancerous condition in AIM −/− mice than the HFD32 or high-fructose diet.
Discussion
in this study, we presented AIM −/− mice fed the D09100301 diet as a new NAFLD model. AIM suppresses lipid storage within adipocytes and hepatocytes through inactivation of FasN, which results in a decrease in lipid-droplet-coating proteins. Due to this effect, AIM −/− mice fed the HFD32 diet (60 kcal%, most- ly lard) exhibited both obesity and liver steatosis, representing a common human NAFLD state [26] . Interestingly, while the hFd32 diet remarkably induces both obesity and liver steatosis, the d09100301 diet affected the liver more prominently than visceral fat. indeed, the body weight as well as visceral fat weight were significantly smaller after 12 weeks in AIM −/− mice fed the D09100301 diet than those fed the HFD32 diet. in addition, the maximum body weight of AIM −/− mice brought about by the d09100301 diet for more than 50 weeks was largely similar to that in wild-type mice at the same age maintained with the NCD. In humans, it is well known that there is a population of NaFLd patients who are not classified as obese [37] . Yasutake et al. previously reported that nonobese NaFLd patients exhibit higher serum ALP levels than obese NAFLD patients. In addition, they showed that nonobese NAFLD patients tend to have more cholesterol and n-6 unsaturated fatty acids in their diets [48] . These observations in humans are somewhat parallel with the facts that the d09100301 diet contains higher levels of cholesterol and unsaturated fatty acids than the hFd32 diet and that AIM −/− mice fed the d09100301 diet showed high serum levels of ALP and nonesterified fatty acid. Thus, it is likely that AIM −/− mice fed the d09100301 diet may be a good model of the human nonobese NAFLD. Although further study is required to clarify the mechanism underlying the liver-predominant lipid storage caused by the d09100301 diet, AIM −/− mice fed the d09100301 diet might be a useful tool to understand the disease states of the unique and enigmatic nonobese NAFLD. in the absence of aim, hepatocytes that have undergone carcinogenesis are not eliminated efficiently (regardless of the carcinogenic mechanism) and become HCC tumors at a high frequency [26] . Indeed, AIM −/− mice develop multiple HCC tumors at 100% frequency when fed the HFD32 diet and at 70% frequency when fed a high-fructose diet, for a year [26, 38] . It is noteworthy that the lack of aim does not increase carcinogenicity in the liver, as AIM −/− mice fed the NCd do not exhibit HCC tumors. Thus, AIM −/− mice are an excellent monitoring tool to assess the carcinogenicity of various loads including diets, chemicals, and environments. It is intriguing that AIM −/− mice fed the d09100301 diet showed a far lower incidence of hCC tumors than mice fed the hFd32 diet, despite the comparable steatosis levels among them and an even more accelerated liver inflammatory state in the D09100301 diet-fed mice. In the absence of aim, the overall incidence of hCC tumor represents the level of hepatocyte carcinogenesis differentially caused by each type of diet. Therefore, it is very likely that the reason why the hCC tumor incidence was low in AIM −/− mice fed the d09100301 diet is the lower promotion of carcinogenesis by the d09100301 diet. Another plausible explanation for this paradoxical phenotype might be that the mice fed the d09100301 diet were less obese than mice fed the HFD32 diet. It might be worth reemphasizing that the body weight of AIM −/− mice fed the d09100301 diet was essentially comparable to that of wild-type mice at the same age maintained with the NCD. In humans, obesity has been established as an important risk factor for the development of various types of malignancies, including liver cancer [2, 9, 11, 12, 18, 23, 25, 28, 32, 37, 38, 41, [46] [47] [48] .
Calle et al. used a large prospective study cohort of adults in the us to assess the relationship between obesity and mortality from various cancers [13] . They demonstrated that compared with patients with a normal body mass index (Bmi), the relative risk of mortality from liver cancer was 4.52 times higher in men and 1.68 times higher in women with a BMI >35 kg/m 2 . Similar reports have been accumulating from large-scale clinical studies in different countries, including Denmark, Korea, and Japan [31, 34, 35] . These observations may support our current results, which showed that both weight gain and hCC tumor incidence were lower in AIM −/− mice fed the D09100301 diet than in mice fed the HFD32 diet. the risk posed by obesity for hCC development may be conferred by two different factors: accelerated progression of NaFLd severity and increased carcinogenic potential of obesity alone [10] . In AIM −/− mice, based on the comparable steatosis and rather accelerated inflammatory state promoted by the D09100301 diet, it is likely that the less-obese state might decrease the risk of hCC tumor development independently of the condition of NAFLD. The mechanism by which obesity alone increases the risk of hCC in both humans and mice is yet unknown; thus, further efforts will be needed to clarify the issue. The constitutive, chronic inflammation in many organs brought about by obesity might be an important reason [41] . in summary, our study demonstrated that AIM −/− mice fed the d09100301 diet could be a tool for studies of nonobese NAFLD with less HCC development. This model has the potential to open the door to clarifying not only the pathophysiology of nonobese NaFLd but also the mechanistic link between obesity and hCC development.
